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Abstract
The phosphorylation of extracellular signal-regulated kinase (pERK) in DRG and dorsal horn
neurons is induced by the C-fiber electrical stimulation to the peripheral nerve. The present study
was designed to investigate the expression and modulation of pERK in the rat dorsal horn neurons
produced by repetitive electrical stimulation, and its involvement in the electrophysiological activity
of dorsal horn neurons. Electrical stimulation of C-fiber intensity at different frequencies was
applied to the sciatic nerve; the stimuli-induced pERK expression and the activity in dorsal horn
neurons were studied by immunohistochemistry and extracellular recording, respectively.
Electrical stimulation of C-fibers (3 mA) induced pERK expression in dorsal horn neurons in a
frequency-dependent manner, indicating that the frequency of electrical stimulation is an important
factor which activates the intracellular signal pathway in the spinal cord. To demonstrate the
underlying mechanism of this frequency-dependent pERK expression, an NMDA receptor
antagonist, MK-801, and a voltage sensitive calcium channel antagonist, nifedipine, were
administrated intrathecally before the stimulation. We found that high frequency (0.5 Hz and 10
Hz) but not low frequent (0.05 Hz) stimulus-evoked pERK was partially inhibited by MK-801. Both
high and low frequency stimulus-evoked pERK were inhibited by the nifedipine treatment. The
extracellular single unit activities were recorded from the laminae I-II and V of the L4-5 dorsal horn,
and we found that blockage of the intracellular ERK signal suppressed the wind-up responses in a
dose-dependent manner. In contrast, any change in the mechanically evoked responses was not
observed following the administration of ERK inhibitor. These observations indicate that ERK
activation plays an important role in the induction of the wind-up responses in dorsal horn
nociceptive neurons.
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Background
Extracellular signal-regulated kinase (ERK) is one of the
mitogen-activated protein kinases (MAPKs) that trans-
duce extracellular stimuli into intracellular post-transla-
tional and transcriptional responses [1,2]. They are
activated by membrane depolarization and calcium influx
[3], activated by an upstream kinase, MAPK/ERK kinase
(MEK) [4], and known to be one of the intracellular sign-
aling pathways involved in neuronal plasticity [2,5-7]. In
nociceptive pathway, activation of high-threshold C-fib-
ers by peripheral noxious stimuli causes not only an
immediate sensation of pain, but also an increased
responsiveness of neurons in the spinal dorsal horn that
outlasts the initiating stimulus. Within a minute of an
intense noxious peripheral or C-fiber electrical stimulus,
many phosphorylated ERK (pERK) positive neurons were
observed in lamina I and II of the dorsal horn [8]. A
number of studies have suggested that the changes in
MAPK cascades have an important role in neuroplastic
changes in nociceptive pathways. In the mechanism of
ERK activation in the dorsal horn, the synaptic transmis-
sion between primary afferents and dorsal horn neurons,
especially regarding calcium influx, should be important,
because calcium entry into neurons via ionotropic gluta-
mate receptors may initiate the ERK signaling cascade
[8,9].
We have demonstrated previously that activation of ERK
in DRG neurons is dependent on the frequency of electri-
cal stimulation at the C-fiber level [10]. In the present
study, we found the frequency-dependent ERK activation
also occurred in the spinal cord, and examined the phar-
macological properties of this ERK activation. In an extra-
cellular single-unit recording from dorsal horn neurons,
the functional role of the ERK activation in dorsal horn
was explored with the blockage of the intracellular ERK
signals.
Methods
Adult male Sprague Dawley rats (200–250 gm) were used.
All animal experimental procedures were approved by the
Committee on Animal Research at Hyogo College of Med-
icine and Nihon University School of Dentistry, and were
performed in accordance with the National Institutes of
Health guidelines on animal care. The animals were
treated according to the guidelines of the International
Association for the Study of Pain [11]. All efforts were
made to minimize the number of animals used and their
suffering.
Electrical stimulation
All experimental procedures were done on rats that were
deeply anesthetized with sodium pentobarbital (50 mg/
kg, i.p.). Sterile operating instruments were used and spe-
cial care was taken to prevent infection and to minimize
the influence of inflammation. The left sciatic nerve was
exposed and completely isolated from the surrounding
connective tissue. Bipolar platinum wire electrodes were
placed under the isolated sciatic nerve just distal to the
level of the joint of the three terminal branches (the sural,
common peroneal, and tibial nerves). Paraffin oil was
pooled around the wire electrodes. After 20 min the sciatic
nerve was hooked up, a train of 16 pulses of 3 mA, 2 ms,
0.05 Hz/0.5 Hz/10 Hz stimulation (Electronic Stimulator
SKN-3201) to the sciatic nerve was delivered. Sham oper-
ations without electrical stimulation were also performed.
Intrathecal administration of drugs
For the intrathecal administrations, a soft tube (CLAY
ADAMS Brand, INTRAMEDIC polyethylene tubing, outer
diameter, 0.61 mm) was implanted into the intrathecal
space of the spinal cord (L4-L5 spinal cord segment) 2
days before the experiment. The end of tube was coated
with bond and was implanted under the neck skin. The
awake rats implanted with a tube ate, drank, and groomed
normally and had no motor or sensory impairments.
Drugs were injected 20 min before electrical stimulation.
The NMDA receptor antagonist, MK-801 (1.5 nmol in 10
μl saline; n = 4), and the L-type calcium channel blocker,
nifedipine (1.0 mM in 30% DMSO that was dissolved in
artificial cerebrospinal fluid; 120 mM NaCl, 3 mM KCl,
1.2 mM MgCl2, 2.4 mM CaCl2, 23 mM NaHCO3, 1.2 mM
NaH2PO4, 11 mM glucose pH 7.2~7.4; n = 4) was admin-
istered, as well as the vehicles.
Immunohistochemistry
After appropriate survival times (the survival time after
stimulation in all experiments was 2 min), rats were per-
fused transcardially with 1% paraformaldehyde in 0.1 M
phosphate buffer followed by 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4. The L4-L5 spinal cord
was removed. Transverse spinal cord sections (18 μm)
were cut and processed for pERK immunohistochemistry
according to our previous studies [10]. The polyclonal pri-
mary antibody for pERK (New England BioLabs, Beverly,
MA) at 1:1000 was used for DAB staining. For double
immunofluorescence study, a combination of anti-pERK
and the monoclonal primary antibody for NeuN (1:1000;
Chemicon, Temecula, CA, USA) was used.
Quantitative and statistical analysis for 
immunohistochemistry
For quantification of the immunoreactive profiles, eight
sections from the L4-L5 lumbar spinal cord were selected
randomly from each rat. The sections were then examined
under light-field microscopy at X20 to localize immunop-
ositive cells. The number of pERK positive neurons in the
superficial laminae I-II and deep laminae III-IV was
counted. As a stereological approach was not used in this
study, thus quantification of the data may represent aMolecular Pain 2007, 3:18 http://www.molecularpain.com/content/3/1/18
Page 3 of 9
(page number not for citation purposes)
biased estimate of the actual number of cells. Data were
analyzed using a t test or analysis of variance (ANOVA)
followed by Fisher's protected least-significant difference
(PLSD) test. A difference was accepted as significant if p <
0.05.
Animal preparation for single neuron recordings
Extracellular recording was performed on 12 Sprague
Dawley rats (250–350 g). Rats were anesthetized with
sodium pentobarbital (50 mg/kg, i.p.) and the trachea
and right femoral veins were cannulated to allow artificial
respiration and intravenous administration of drugs,
respectively. L4-5 laminectomy was performed and bipo-
lar silver wire electrodes were placed in the sciatic nerve.
During recording sessions, anesthesia was maintained
with halothane (2–3%) mixed with air (0.1 L/min) and
rats were immobilized with pancuronium bromide (1
mg/kg/h, i.v.) and ventilated artificially. The expired CO2
concentration, rectal temperature and the electrocardio-
gram were monitored.
Stimulation and single neuron recordings
The dorsal horn neurons were searched by applying
mechanical stimulation (pressure or brush) to the skin of
the hip and leg region. When a single neuron was isolated,
the responses to mechanical stimulation were carefully
examined and the receptive field was mapped. Then,
graded punctate stimulation, brush and pinch stimuli
were applied to the most sensitive areas of the receptive
fields with von Frey filaments, camel brush and small arte-
rial clip, respectively. After the identification of nocicep-
tive neurons, electrical pulses with 2 ms and 2 mA were
applied to the sciatic nerve. When the evoked responses
with more than 90 ms latency could be recorded, repeti-
tive stimulation (0.5 Hz) were tested whether the graded
increase in firing was obtained. After that, 10 μl of MAPK
kinase (MEK) 1/2 inhibitor U-0126 (Calbiochem, La
Jolla, CA; 0.0025 M, 0.025 M and 0.25 M) was topically
applied to the dorsal horn surface. The mechanical evoked
responses were analyzed after drug administration. In
order to avoid sensitization of the receptive field, we
tested 1 or 2 nociceptive neurons with different receptive
fields in each rat.
Data analysis for single neuron recordings
Peristimulus time histograms (bin-width = 100 ms) were
generated in response to each stimulus. Stimulus-
response (S-R) functions of each nociceptive neuron were
obtained in response to the mechanical (1, 6, 15, 26, 60
g), pinch and brush stimulation. Mean firing frequency
for 10s during mechanical stimulation was measured.
Electrical evoked responses were classified as A-fiber, C-
fiber and afterdischarge according to the criteria of Sea-
grove et al. [12]. C-fiber evoked responses and afterdis-
charges were combined and were tested for an effect of U-
0126 administration. In order to define the wind-up phe-
nomena in nociceptive neurons following repeated elec-
trical stimulation of the sciatic nerve, the evoked response
following the first electrical stimuli (input response) was
subtracted from the following 15 evoked responses. We
tested U-0126 on only one nociceptive neuron recorded
from one rat. Statistical analysis was performed using
ANOVA followed by Fisher's PLSD test. Differences were
considered significant at p < 0.05. Results are presented as
means ± S.E.
Results
Without any stimulation of the sciatic nerve, a small
number of pERK immunoreactive (pERK-ir) profiles was
observed only in the spinal lamina I-II posterior cutane-
ous nerve territory (Fig. 1A). The posterior cutaneous ter-
ritory is thought to receive projections from the hip skin
that was incised upon exposing the sciatic nerve. Thus, we
focused on the pERK labeling only in the sciatic nerve ter-
ritory of the dorsal horn. Electrical stimulation at 0.05 Hz
to the sciatic nerve induced a small number of pERK-ir
profiles, not only in superficial lamina, but also in deep
laminae (Fig. 1B). The higher frequency electrical stimula-
tion (0.5 Hz, 10 Hz,) induced a clear increase in pERK-ir
profiles in the superficial laminae compared to the 0.05
Hz stimulus (Fig. 1C, D). To define cell type of the pERK-
ir profiles, a double immunofluorescent staining was per-
formed. The 0.5 Hz (3 mA, 2 ms) electrical stimulation-
induced pERK expression co-localized with the NeuN pos-
itive cells (Fig. 1E–G), indicating ERK was activated
mainly in the spinal neurons after the electrical stimula-
tion. The quantification of labeled neurons in Fig. 2 indi-
cated that the number of pERK-ir profiles induced by high
frequency stimulation (0.5 Hz and 10 Hz) was signifi-
cantly higher than that induced by the low frequency
stimulation (0.05 Hz). Thus, the increase of pERK expres-
sion was dependent with the frequency of the C-fiber elec-
trical stimulation. However, no significant difference was
found between the pERK-ir profiles induced by 0.5 Hz
and 10 Hz stimulation (Fig. 2).
Calcium entry into neurons via  ionotropic glutamate
receptors may initiate the ERK signaling cascade. We thus
examined the involvement of the NMDA receptor on fre-
quency-dependent ERK activation in laminae I-II. Pre-
treatment of intrathecal MK-801 injection did not inhibit
the number of pERK-ir profiles after low frequency (0.05
Hz) stimulation (Fig. 3D), while it clearly inhibited the
spinal ERK activation induced by high frequency (0.5–10
Hz) stimulation (Fig. 3A, B). The number of pERK-ir pro-
files induced by high frequency stimulation (0.5 Hz, 10
Hz) was significantly, but not completely, reduced in the
spinal lamina I-II (Fig. 3D). These data suggested that ERK
activation by high frequency electrical stimulation is at
least partly involved in the NMDA receptor mechanism,Molecular Pain 2007, 3:18 http://www.molecularpain.com/content/3/1/18
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Expression of pERK in the ipsilateral L4/5 dorsal horn after electrical stimuli was frequency-dependent Figure 1
Expression of pERK in the ipsilateral L4/5 dorsal horn after electrical stimuli was frequency-dependent. A-D: Photomicrographs 
show pERK expression in spinal cord of rats that received sham operations without electrical stimulation (A), or 16 pulses of 3 
mA electrical stimulation at frequencies of 0.05 Hz (B), 0.5 Hz (C), and 10 Hz (D) to the sciatic nerve. E-G: Double-immunoflu-
orescence for pERK (green, E) and NeuN (red, F) after electrical stimulation at 3 mA/0.5 Hz to the sciatic nerve. Double stain-
ing appears yellow (G). Scale bars, 100 μm.Molecular Pain 2007, 3:18 http://www.molecularpain.com/content/3/1/18
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whereas low frequency may not involve NMDA activa-
tion.
In consideration of synaptic transmission between pri-
mary afferents and dorsal horn neurons, we next exam-
ined the effect of the voltage sensitive calcium channel
(VSCC) blocker, nifedipine, on the frequency-dependent
pERK activation. Nifedipine is known as an L-type cal-
cium channels blocker, and this type of calcium channel
is thought to be postsynaptic and therefore depolarization
of neurons would be sufficient to open this type of volt-
age-gated calcium channel. The pretreatment with nifed-
ipine by intrathecal administration reduced the ERK
activation in the spinal lamina I-II both in the low fre-
quency (0.05 Hz) and high frequency (0.5 Hz and 10 Hz)
stimulation (Fig. 3C). Statistically significant inhibitions
were observed in the number of pERK-ir profiles (Fig. 3C,
E).
In order to examine the functional role of ERK activation
in the dorsal horn after electrical stimulation of the pri-
mary afferent, we recorded single neuronal activities from
the dorsal horn. We have searched and identified nocice-
ptive neurons that showed C-responses to electrical stim-
ulation of the sciatic nerve (Fig. 4A). Those neurons were
located in superficial and deep dorsal horn neurons (n =
7 and n = 5, respectively), shown in Fig. 4B. We found
wind-up phenomenon in superficial and deep dorsal
horn neurons following repeated electrical stimulation of
the sciatic nerve (Fig. 4C). We compared the wind-up phe-
nomenon before and after application of the ERK inhibi-
tor, and found that the increased responses following
repeated stimuli were significantly depressed after topical
application of U-0126 (Fig. 4C). Only a slight depression
of the evoked responses was observed at the 2nd to 4th tri-
als, whereas a significant depressive effect of increased
responses was observed at following the 5th to 16th trials as
illustrated in Fig. 4D. The depressive effect by U-0126 was
dose dependent (Fig. 4D). These data suggest that pERK
may have a role on cumulative depolarization after repet-
itive C-fiber stimulation, thus causing wind-up.
Next, we examined whether the activation of ERK in dor-
sal horn neurons may have a role on the evoked responses
by the natural stimuli to the receptive field. Typical exam-
ples of the evoked responses of WDR neuron following
graded mechanical, brush and pinch stimuli are illus-
trated in Fig. 5A. Each neuron gradually increased its firing
frequency following increases in mechanical stimulus
intensity. The experiment in which U-0126 was adminis-
tered intrathecally revealed that the mechanically evoked
responses were not affected by U-0126 administration
Number of pERK-ir profiles in lamina I-II, III-IV and V-VI of ipsilateral spinal cord after electrical stimulation at the indicated fre- quencies (n = 4 in each group, *p < 0.01 compared with control, #p < 0.01, compared with 0.05 Hz) Figure 2
Number of pERK-ir profiles in lamina I-II, III-IV and V-VI of ipsilateral spinal cord after electrical stimulation at the indicated fre-
quencies (n = 4 in each group, *p < 0.01 compared with control, #p < 0.01, compared with 0.05 Hz).Molecular Pain 2007, 3:18 http://www.molecularpain.com/content/3/1/18
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(Fig. 5A). Quantitative data showed no statistically signif-
icant difference among any dose of U-0126 and pre-value
(Fig. 5B).
Discussion
In the present study, we described the frequency-depend-
ent phosphorylation of ERK in dorsal horn neurons by
electrical stimulation at C-fiber intensity and its involve-
ment in electrophysiological activity of dorsal horn neu-
rons. Antagonists of NMDA receptors and VSCCs, which
depress the wind-up response [13-17], inhibited the ERK
phosphorylation. Furthermore, U-0126, an ERK signal
inhibitor, dose-dependently depressed the wind-up
response evoked by the repetitive electrical stimulation of
the peripheral nerve. However, any change in the mechan-
ically evoked responses was observed following U-0126
administration.
In order to understand the mechanism of frequency-
dependent ERK activation in the dorsal horn by electrical
stimulation, we focused on the synaptic transmission
between primary afferents and dorsal horn neurons, espe-
cially regarding calcium influx. Calcium entry into neu-
rons  via  ionotropic glutamate receptors is known to
activate ERK signaling cascade [8,9]. Our experiment
showed that the effect of the NMDA receptor antagonist
on ERK activation is frequency-dependent. The features of
the frequency-dependent ERK activation in dorsal horn
neurons, at least in part, are similar to the electrophsiolog-
ical properties, such as wind-up phenomenon in the dor-
Intrathecal injection of MK-801 or nifedipine inhibited the frequency-dependent activation of pERK in the spinal dorsal horn Figure 3
Intrathecal injection of MK-801 or nifedipine inhibited the frequency-dependent activation of pERK in the spinal dorsal horn. 
MK-801 or nifedipine was injected into the intrathecal space 20 min before the electrical stimulations. A-C: Photomicrographs 
show pERK expression evoked by electrical stimulation at 0.5 Hz in the spinal cord of rats that received vehicle (A), MK801 (B) 
and nifedipine (Nifedi, C). Scale bar, 100 μm (in C for A-C). D-E: Quantification of pERK immunoreactivity in lamina I-II of ipsi-
lateral spinal cord after electrical stimulation at the indicated frequencies in the MK-801 treated group (D) and nifedipine 
treated group (E) (n = 4 in each group, *p < 0.01 compared with vehicle). Open bars; vehicle treated group, filled bars; MK-801 
or nifedipine treated group.Molecular Pain 2007, 3:18 http://www.molecularpain.com/content/3/1/18
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sal horn neurons. Wind-up is a frequency-dependent
phenomenon that is triggered at a critical frequency of
activation of afferent C-fibers [18]. Below the critical fre-
quency of 0.2–0.3 Hz, wind-up is not observed, and above
frequencies of 20 Hz habituation of the response or wind-
down is typically observed [19]. A number of studies have
indicated that enhanced wind-up may reflect changes in
the central synapses of C-fibers and the postsynaptic neu-
rons that reflect temporal summation of slow cumulative
depolarizations in the dorsal horn. The NMDA receptor is
a target receptor involved in the wind-up phenomena in
dorsal horn nociceptive neurons [15,20].
The ERK signaling cascade is a key pathway that mediates
NMDA receptor-dependent neuronal plasticity [21]. One
potential mechanism of this regulation by ERK is indirect,
by long-term modulation of cell properties through the
control of gene transcription and regulation of channel
gene expression, which is unlikely the mechanism for the
short-term wind-up. Another possible mechanism by
which ERK might modulate neuronal excitability is
through direct regulation of membrane ion channels that
regulate the membrane potential and thereby intrinsic
membrane properties. Proposed channels targeted by ERK
include the K channel [22,23], the Na channel [24] and
the Ca channel [25,26]. Changes in these channels' activ-
ity may cause a cumulative depolarization after repetitive
C-fiber stimulation, thus causing wind-up. Our data
clearly showed that a MEK inhibitor, U-0126, inhibited
the wind up dose-dependently, and the dose of U-0126
U-0126 administration depressed wind-up in dorsal horn nociceptive neurons Figure 4
U-0126 administration depressed wind-up in dorsal horn nociceptive neurons. A: The typical response of the dorsal horn noci-
ceptive neuron following electrical stimulation of the sciatic nerve (2 ms, 2 mA). B: A photomicrograph of the dorsal horn and 
the camera-lucida drawings of recording sites in the dorsal horn. An arrow head indicates the lesion by DC current application 
through the recording electrode. C: Typical responses of a dorsal horn nociceptive neuron following repetitive electrical stim-
ulation of the sciatic nerve before (upper trace) and after (lower trace) U-0126 application. D: The effect of U-0126 administra-
tion on the mean evoked responses of dorsal horn nociceptive neurons following repetitive electrical stimulation of the sciatic 
nerve (n = 12). Note that evoked responses were depressed following U-0126 administration in a dose-dependent manner (*: 
p < 0.05, **: p < 0.01).Molecular Pain 2007, 3:18 http://www.molecularpain.com/content/3/1/18
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indeed inhibited ERK activation in spinal cord neurons,
which was demonstrated in our previous studies [27,28]
and many other reports [29-33].
Important point in the present study is the time course of
the activation of ERK after stimulation. In almost all stud-
ies, including the present study, that examine pERK in the
dorsal horn in vivo, the activation of ERK was detected first
at 2 min after various external stimulus presentations
[8,33]. This is entirely due to the minimum time necessary
to perform the immunohistochemical procedures. The
phosphorylation of ERK in the dorsal horn likely occurs
more rapidly, i.e. in seconds or less than a minute. In fact,
in our wind-up experiments, the effect of the MEK inhibi-
tor was observed after several trials, 10–20 seconds after
the start of train stimuli. Therefore, the phosphorylation
of ERK may generate calcium entry to the spinal cord very
rapidly, within seconds, which could synchronize with
the wind-up. Another point we have to consider is that a
majority of ERK positive neurons were concentrated in
laminae I-II of the dorsal horn, however single neuronal
activities showed wind-up responses in superficial and
deep dorsal horn neurons. It is difficult to know the exact
causal link between ERK activation and the wind-up phe-
nomenon, especially about the discrepancy of location
and the very early time points after external stimulation in
vivo. We also noticed that the inhibition produced by
NMDA receptor antagonist was not complete. The data
suggest other mechanisms in addition to calcium entry
through the NMDA receptor ion channel may be respon-
sible for initiating an activation of the ERK cascade, for
example VSCCs. Although stimulation in any frequency
can induce the phosphorylation of ERK, only high fre-
quency electrical stimulation (0.5 Hz and 10 Hz) activates
NMDA receptors that seem capable of promoting VSCCs
activation in inducing the pERK stain. These features also
can be seen in the wind-up, for example, blockade of
wind-up by NMDA receptor antagonists is only partial
[13,15]; the nifedipine treatment also depresses wind-up
[16,17].
We described the frequency-dependent phosphorylation
of ERK in dorsal horn neurons and its involvement in
wind-up phenomena in dorsal horn neurons. In contrast,
ERK activation did not have any role in the mechanically
evoked responses following U-0126 administration. It is
possible that the long lasting high frequency-strong stim-
uli generate barrage of action potentials in the dorsal horn
neurons, resulting in the abnormal activation of the dor-
sal horn nociceptive neurons. The mechanism may be
similar to that was reported in inflammation or nerve
injury-induced abnormal activation of dorsal horn neu-
rons. It is highly likely that ERK activation contributes to
produce hyperexcitability of dorsal horn nociceptive neu-
rons under these excitable conditions.
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U-0126 administration does not affect mechanical evoked  responses in DH nociceptive neurons Figure 5
U-0126 administration does not affect mechanical evoked 
responses in DH nociceptive neurons. A: Typical responses 
of a DH nociceptive neuron following graded mechanical, 
brush and pinch stimuli. br: brushing of the receptive field, pi: 
pinching of the receptive field. B: Stimulus response functions 
of mechanical evoked responses in DH nociceptive neurons. 
Note that the evoked responses were not affected by U-
0126 administration.Molecular Pain 2007, 3:18 http://www.molecularpain.com/content/3/1/18
Page 9 of 9
(page number not for citation purposes)
Authors' contributions
TF, YD: Major data collection; data analysis, paper writing
SW, XC: Morphological data collection
HY, KO, KK: Data interpretation
KI, HK: Electrophsiological data collection, paper writing
SY, KN: Project conception and design, paper writing
Acknowledgements
This work was supported in part by Grants-in-Aid for Scientific Research, 
and the Open Research Center grant, Hyogo College of Medicine, both 
from the Japanese Ministry of Education, Science, and Culture. This work 
was also supported by a grant from the Japan Health Sciences Foundation. 
We thank Yu Wadazumi and Noriko Kusumoto for technical assistance. 
We thank D.A. Thomas for correcting the English usage.
References
1. Cano E, Mahadevan LC: Parallel signal processing among mam-
malian MAPKs.  Trends Biochem Sci 1995, 20:117-122.
2. Impey S, Obrietan K, Storm DR: Making new connections: role of
ERK/MAP kinase signaling in neuronal plasticity.  Neuron 1999,
23:11-14.
3. Rosen LB, Ginty DD, Weber MJ, Greenberg ME: Membrane depo-
larization and calcium influx stimulate MEK and MAP kinase
via activation of Ras.  Neuron 1994, 12:1207-1221.
4. Chang L, Karin M: Mammalian MAP kinase signalling cascades.
Nature 2001, 410:37-40.
5. Fields RD: Effects of ion channel activity on development of
dorsal root ganglion neurons.  J Neurobiol 1998, 37:158-170.
6. Fields RD, Eshete F, Stevens B, Itoh K: Action potential-depend-
ent regulation of gene expression: temporal specificity in
ca2+, cAMP-responsive element binding proteins, and
mitogen-activated protein kinase signaling.  J Neurosci 1997,
17:7252-7266.
7. Martin KC, Michael D, Rose JC, Barad M, Casadio A, Zhu H, Kandel
ER: MAP kinase translocates into the nucleus of the presyn-
aptic cell and is required for long-term facilitation in Aplysia.
Neuron 1997, 18:899-912.
8. Ji RR, Baba H, Brenner GJ, Woolf CJ: Nociceptive-specific activa-
tion of ERK in spinal neurons contributes to pain hypersensi-
tivity.  Nat Neurosci 1999, 2:1114-1119.
9. Bading H, Greenberg ME: Stimulation of protein tyrosine phos-
phorylation by NMDA receptor activation.  Science 1991,
253:912-914.
10. Dai Y, Iwata K, Fukuoka T, Kondo E, Tokunaga A, Yamanaka H,
Tachibana T, Liu Y, Noguchi K: Phosphorylation of extracellular
signal-regulated kinase in primary afferent neurons by nox-
ious stimuli and its involvement in peripheral sensitization.  J
Neurosci 2002, 22:7737-7745.
11. Zimmermann M: Ethical guidelines for investigations of exper-
imental pain in conscious animals.  Pain 1983, 16:109-110.
12. Seagrove LC, Suzuki R, Dickenson AH: Electrophysiological char-
acterisations of rat lamina I dorsal horn neurones and the
involvement of excitatory amino acid receptors.  Pain 2004,
108:76-87.
13. Davies SN, Lodge D: Evidence for involvement of N-methyl-
aspartate receptors in 'wind-up' of class 2 neurones in the
dorsal horn of the rat.  Brain Res 1987, 424:402-406.
14. Dickenson AH: A cure for wind up: NMDA receptor antago-
nists as potential analgesics.  Trends Pharmacol Sci 1990,
11:307-309.
15. Dickenson AH, Sullivan AF: Evidence for a role of the NMDA
receptor in the frequency dependent potentiation of deep
rat dorsal horn nociceptive neurones following C fibre stim-
ulation.  Neuropharmacology 1987, 26:1235-1238.
16. Russo RE, Hounsgaard J: Short-term plasticity in turtle dorsal
horn neurons mediated by L-type Ca2+ channels.  Neuro-
science 1994, 61:191-197.
17. Russo RE, Hounsgaard J: Plateau-generating neurones in the
dorsal horn in an in vitro preparation of the turtle spinal
cord.  J Physiol 1996, 493(Pt 1):39-54.
18. Mendell LM: Physiological properties of unmyelinated fiber
projection to the spinal cord.  Exp Neurol 1966, 16:316-332.
19. Schouenborg J: Functional and topographical properties of
field potentials evoked in rat dorsal horn by cutaneous C-
fibre stimulation.  J Physiol 1984, 356:169-192.
20. Nagy I, Woolf CJ: Lignocaine selectively reduces C fibre-
evoked neuronal activity in rat spinal cord in vitro by
decreasing N-methyl-D-aspartate and neurokinin receptor-
mediated post-synaptic depolarizations; implications for the
development of novel centrally acting analgesics.  Pain 1996,
64:59-70.
21. Zhao M, Adams JP, Dudek SM: Pattern-dependent role of NMDA
receptors in action potential generation: consequences on
extracellular signal-regulated kinase activation.  J Neurosci
2005, 25:7032-7039.
22. Schrader LA, Birnbaum SG, Nadin BM, Ren Y, Bui D, Anderson AE,
Sweatt JD: ERK/MAPK regulates the Kv4.2 potassium channel
by direct phosphorylation of the pore-forming subunit.  Am J
Physiol Cell Physiol 2006, 290:C852-861.
23. Yuan LL, Adams JP, Swank M, Sweatt JD, Johnston D: Protein kinase
modulation of dendritic K+ channels in hippocampus
involves a mitogen-activated protein kinase pathway.  J Neu-
rosci 2002, 22:4860-4868.
24. Shi H, Asher C, Chigaev A, Yung Y, Reuveny E, Seger R, Garty H:
Interactions of beta and gamma ENaC with Nedd4 can be
facilitated by an ERK-mediated phosphorylation.  J Biol Chem
2002, 277:13539-13547.
25. Fitzgerald EM: Regulation of voltage-dependent calcium chan-
nels in rat sensory neurones involves a Ras-mitogen-acti-
vated protein kinase pathway.  J Physiol 2000, 527(Pt 3):433-444.
26. Martin SW, Butcher AJ, Berrow NS, Richards MW, Paddon RE,
Turner DJ, Dolphin AC, Sihra TS, Fitzgerald EM: Phosphorylation
sites on calcium channel alpha1 and beta subunits regulate
ERK-dependent modulation of neuronal N-type calcium
channels.  Cell Calcium 2006, 39:275-292.
27. Kominato Y, Tachibana T, Dai Y, Tsujino H, Maruo S, Noguchi K:
Changes in phosphorylation of ERK and Fos expression in
dorsal horn neurons following noxious stimulation in a rat
model of neuritis of the nerve root.  Brain Res 2003, 967:89-97.
28. Liu Y, Obata K, Yamanaka H, Dai Y, Fukuoka T, Tokunaga A, Noguchi
K: Activation of extracellular signal-regulated protein kinase
in dorsal horn neurons in the rat neuropathic intermittent
claudication model.  Pain 2004, 109:64-72.
29. Adwanikar H, Karim F, Gereau RWt: Inflammation persistently
enhances nocifensive behaviors mediated by spinal group I
mGluRs through sustained ERK activation.  Pain 2004,
111:125-135.
30. Cao JL, He JH, Ding HL, Zeng YM: Activation of the spinal ERK
signaling pathway contributes naloxone-precipitated with-
drawal in morphine-dependent rats.  Pain 2005, 118:336-349.
31. Cao JL, Liu HL, Wang JK, Zeng YM: Cross talk between nitric
oxide and ERK1/2 signaling pathway in the spinal cord medi-
ates naloxone-precipitated withdrawal in morphine-depend-
ent rats.  Neuropharmacology 2006, 51:315-326.
32. Daulhac L, Mallet C, Courteix C, Etienne M, Duroux E, Privat AM,
Eschalier A, Fialip J: Diabetes-induced mechanical hyperalgesia
involves spinal mitogen-activated protein kinase activation
in neurons and microglia via N-methyl-D-aspartate-depend-
ent mechanisms.  Mol Pharmacol 2006, 70:1246-1254.
33. Ji RR, Befort K, Brenner GJ, Woolf CJ: ERK MAP kinase activation
in superficial spinal cord neurons induces prodynorphin and
NK-1 upregulation and contributes to persistent inflamma-
tory pain hypersensitivity.  J Neurosci 2002, 22:478-485.